Tendons play a significant role in the modulation of forces transmitted between bones and skeletal muscles and consequently protect muscle fibers from contraction-induced, or high-strain, injuries. Myostatin (GDF-8) is a negative regulator of muscle mass. Inhibition of myostatin not only increases the mass and maximum isometric force of muscles, but also increases the susceptibility of muscle fibers to contraction-induced injury. We hypothesized that myostatin would regulate the morphology and mechanical properties of tendons. The expression of myostatin and the myostatin receptors ACVR2B and ACVRB was detectable in tendons. Surprisingly, compared with wild type (MSTN ؉/؉ ) mice, the tendons of myostatin-null mice (MSTN ؊/؊ ) were smaller and had a decrease in fibroblast density and a decrease in the expression of type I collagen. Tendons of MSTN ؊/؊ mice also had a decrease in the expression of two genes that promote tendon fibroblast proliferation: scleraxis and tenomodulin. Treatment of tendon fibroblasts with myostatin activated the p38 MAPK and Smad2/3 signaling cascades, increased cell proliferation, and increased the expression of type I collagen, scleraxis, and tenomodulin. Compared with the tendons of MSTN ؉/؉ mice, the mechanical properties of tibialis anterior tendons from MSTN ؊/؊ mice had a greater peak stress, a lower peak strain, and increased stiffness. We conclude that, in addition to the regulation of muscle mass and force, myostatin regulates the structure and function of tendon tissues.
T
endons are a critical component of the musculoskeletal system. Situated between bones and skeletal muscles, tendons are in a position to transmit forces generated within skeletal muscle fibers to bone and conversely transmit to skeletal muscle external loads placed on bone. The extracellular matrix (ECM) of tendon tissue is composed primarily of type I collagen, as well as type III collagen, elastin, and various proteoglycans and mucopolysaccharides. Tendons are in series with both the contractile and noncontractile elements of skeletal muscles as well as with bone. Consequently, tendons are able to both store elastic energy during locomotion and protect muscle fibers from stretch-induced and contraction-induced injuries (1, 2) . Whereas considerable research has been conducted on the effects of exercise, immobilization, and aging on the structure and function of tendons (3, 4) , much less is known about the specific cytokines that regulate the structure and function of tendons.
During embryonic development of the limb, early tendon development can be categorized into three phases, with each phase corresponding to an up-regulation of the basic helix-loop-helix transcription factor scleraxis (5, 6) . Scleraxis is a marker of the tendon cell lineage (6, 7) , and mice deficient in scleraxis display severe tendon defects and have impaired locomotion and a complete inability to use their tails (8) . Scleraxis promotes the formation of tendon ECM by inducing the expression of type I collagen (9) and increases tendon fibroblast proliferation by the up-regulation of the expression of the type II transmembrane protein tenomodulin (10) . During the final stages of early tendon development FGF-4 and FGF-8 are secreted by adjacent myogenic cells and induce the expression of scleraxis (11, 12) . Although FGF-4 and FGF-8 can induce scleraxis expression in the final phase of early tendon development, they do not appear to be responsible for the first and second phases of scleraxis expression (5) . In fact, another member of the GDF family may be a candidate for the regulation of scleraxis expression during the first and second phases of early tendon development (5) , but the specific member of the GDF family has not been identified.
Three members of the GDF family have been reported to influence the development of tendon tissue. The placement of matrices coated with GDF-5, GDF-6, and GDF-7 into skeletal muscle induces the ectopic formation of tendon-like tissue (13) . The tendons of GDF5 Ϫ/Ϫ mice are smaller and display decreases in type I collagen content, peak stress, stiffness, and energy absorption to yield (14) . The GDF5 Ϫ/Ϫ mice also have severe bone and joint defects (14) , but whether these changes in tendon mechanical properties arise because of a direct effect of GDF-5 on tendon cells or the associated skeletal defects is not clear. Compared with wild-type mice, GDF7 Ϫ/Ϫ mice have a minor tendon phenotype, with a decrease in proteoglycan content and smaller collagen fibrils, but no differences in Achilles tendon mechanical properties, type I collagen content, or gross morphology (15) . Some evidence supports roles for GDF-5, GDF-6, and GDF-7 in tendon development, but whether other members of the GDF family influence tendon development has not been established.
Myostatin (GDF-8) is a member of the TGF-␤ superfamily of cytokines and is a negative regulator of skeletal muscle mass. Myostatin binds to the activin type IIB (ACVR2B) and type IB (ACVRB) receptors and activates the Smad2/3, p38 MAPK, and Erk1/2 signal transduction pathways (16) (17) (18) (19) (20) . Myostatin regulates muscle mass in part by inhibiting the proliferation of myoblasts (21, 22) . The treatment of myoblasts with myostatin induces the expression of the cyclin-dependent kinase inhibitor p21 and results in the subsequent arrest of myoblasts in the G 1 phase of the cell cycle (21) (22) (23) . Myostatin has a well established role in regulation of the structure and function of skeletal muscle, but the contribution of myostatin to the regulation of the structure and function of tendon has not been established.
In addition to the regulation of muscle mass, myostatin has a profound impact on the contractile properties of skeletal muscles. Inhibition of myostatin increases the maximum isometric force of skeletal muscles (24) (25) (26) and the susceptibility of muscles to contraction-induced injury (26) . During a lengthening contraction, the series elastic component (aponeurosis and tendon) of a muscle protects muscle fibers from damage by reducing the strain on fibers (1). The MSTN Ϫ/Ϫ mice are much more susceptible to contractioninduced injury than the MSTN ϩ/ϩ mice, an observation that is consistent with the possibility that myostatin might play a role in the regulation of the structural and functional properties of the tendons. Our prior study (26) focused on the mechanical and contractile properties of the muscle and aponeurosis but did not investigate the mechanical properties of the tendons of MSTN Ϫ/Ϫ mice directly. The overall aim of this investigation was to determine the role of myostatin in regulation of the mechanical and morphological properties of tendons. We hypothesized that a deficiency in myostatin results in smaller, stiffer, and more brittle tendons. Treatment. Subsequently, the expression of the myostatin receptors ACVR2B and ACVRB was examined in tendon fibroblasts. Transcripts for both ACVR2B and ACVRB were identified in whole tendon tissue as well as in cultured tendon fibroblasts (Fig. 1A) . The myostatin transcript was also detected in tendon tissue and in cultured fibroblasts. Because of the close anatomical proximity between muscle and tendon tissue, the purity of tendon samples was verified by probing for the presence of type IIa myosin heavy chain and MyoD. Neither muscle-specific gene was detected in tendon samples.
Results

MSTN
The next step was to determine whether cultured tendon fibroblasts activate intracellular signaling cascades in response to myostatin treatment. Myostatin induced the phosphorylation of both p38 MAPK and Smad2/3 (Fig. 1B) . When cells were treated with myostatin in the presence of the p38 MAPK inhibitor SB-203580 (27) , the phosphorylation of p38 MAPK did not occur. Consequently, SB-203580 was specific to the p38 MAPK pathway, because this inhibitor did not block the phosphorylation of Smad2/3. For cells that were treated with myostatin in the presence of the Smad2/3 inhibitor SB-431542 (28), the phosphorylation of Smad2/3 was blocked, with no effect on the phosphorylation of p38 MAPK. These results indicated that tendon fibroblasts expressed the myostatin receptors and were responsive to myostatin treatment and that this response could be blocked by the use of SB-203580 and SB-431542.
Myostatin Induces the Proliferation of Tendon Fibroblasts. To determine whether myostatin induced the proliferation of tendon fibroblasts, fibroblasts were pulsed with BrdU and the cells were subsequently treated with myostatin, SB-203580, and SB-431542 for 24 h. Treatment with 1,000 ng/ml myostatin increased tendon cell proliferation by 37% over controls ( Fig. 2A) . Whereas the inhibition of the p38 MAPK pathway decreased the myostatin-mediated increase in fibroblast proliferation, the inhibition of the Smad2/3 pathway did not block the myostatin-mediated increase in fibroblast proliferation. Consistent with the increase in proliferation, myostatin decreased the levels of p21 in fibroblasts (Fig. 2B ). Compared with MSTN ϩ/ϩ mice, the density of fibroblasts in whole tendon tissue was 47% less than that of the MSTN Ϫ/Ϫ mice (Fig. 2C ). These results indicated that myostatin was a potent regulator of tendon cell proliferation.
Myostatin Induces the Expression of Scleraxis, Tenomodulin, and Type I Collagen in Tendon Fibroblasts. The next step was to determine whether myostatin regulated the expression of scleraxis and tenomodulin, the two genes that induce the proliferation of tendon fibroblasts. Treatment with 1,000 ng/ml myostatin resulted in a Ͼ2-fold increase in scleraxis expression (Fig. 3A) . Inhibiting the p38 MAPK pathway resulted in a 70% decrease in scleraxis expression, whereas inhibition of the Smad2/3 pathway resulted in a 50% increase in scleraxis expression. Myostatin treatment doubled the expression of tenomodulin, and inhibition of both the p38 MAPK and Smad2/3 pathways blocked the myostatin-mediated increase in tenomodulin expression (Fig. 3B ). Compared with MSTN ϩ/ϩ mice, MSTN Ϫ/Ϫ mice had a 64% decrease in scleraxis expression (Fig. 3D ) and a 63% decrease in tenomodulin expression (Fig. 3E ). These results indicated that the mechanisms responsible for the myostatinmediated increase in fibroblast proliferation were due to an upregulation of scleraxis and tenomodulin.
Because of the smaller mass and CSA of the tendons of MSTN Ϫ/Ϫ mice, the impact of myostatin on the major structural protein of tendon, type I collagen, was determined. Treatment with 1,000 ng/ml myostatin resulted in a 67% increase in the expression of type I collagen (Fig. 3C ). The inhibition of either the p38 MAPK pathway or the Smad2/3 pathway was sufficient to block this (Fig. 3F ). Taken together, the cell proliferation and gene expression data indicated that the smaller tendons of the MSTN Ϫ/Ϫ mice depended on a decrease in tendon fibroblast proliferation and on the production of the constituents of the ECM.
MSTN ؊/؊ Mice Have Stiff, Brittle Tendons. The profound impact of myostatin on the structure of tendons indicated that myostatin deficiency likely influenced the mechanical properties of tendons. Consequently, the stress-strain relationships of tendons from MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice were measured (Fig. 4A) . Compared with the tendons of MSTN ϩ/ϩ mice, those of MSTN Ϫ/Ϫ mice reached a Ͼ2-fold higher peak stress before yielding but reached less than half of the peak strain before yielding ( Table 2 ). Despite the different stress-strain and stiffness properties of tendons from MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice, the tendons absorbed the same amount of energy before reaching the yield point ( Fig. 4C and Table 2 ). These results indicated that Treatment of tendon fibroblasts with myostatin for 2 h results in the phosphorylation of both p38 MAPK and Smad2/3. The p38 MAPK inhibitor SB-203580 was able to specifically block the myostatin-mediated phosphorylation of p38 MAPK, and the Smad2/3 inhibitor SB-431542 was able to specifically block the myostatin-mediated phosphorylation of Smad2/3. ϩ, 500 ng/ml myostatin; ϩϩ, 1,000 ng/ml myostatin. , and collagen I␣2 (C) normalized to GAPDH. ϩ, 500 ng/ml myostatin; ϩϩ, 1,000 ng/ml myostatin; * , significantly different from control group at P Ͻ 0.05.
There is a decrease in the expression of scleraxis (D), tenomodulin (E), and collagen I␣2 (F) normalized to GAPDH in tendons of MSTN Ϫ/Ϫ mice. n ϭ 4 tendons per genotype. * , significantly different from MSTN ϩ/ϩ at P Ͻ 0.05. the loss of myostatin had a major impact on the mechanical properties of tendons.
Discussion
Myostatin has a well characterized role in the regulation of the structure and function of skeletal muscles. Although the myostatin transcript has been detected previously in tendons (29) , to our knowledge our results provide the first evidence that myostatin regulates directly the structure and function of tendons. For the MSTN Ϫ/Ϫ mice, the deficiency in myostatin resulted in small, brittle, hypocellular tendons. The difference in tendon phenotypes between the MSTN Ϫ/Ϫ and MSTN ϩ/ϩ mice is clearly not attributable to any indirect influence of a greater muscle mass of the MSTN Ϫ/Ϫ mice, because both genotypes were limited to cage sedentary activity levels and the two genotypes showed no differences in body masses. Consequently, the tendons of both groups of mice experienced very similar mechanical loads throughout their lifespan, and the dramatic change in the structure and function of tendons could be attributed directly to the effect of myostatin on tendon fibroblasts. In addition, this conclusion is supported further by the concurrent cell culture experiments.
Although myostatin promotes the synthesis of intramuscular collagen content (26) , whether myostatin regulated the collagen content of tendon was not immediately evident. The inhibition of myostatin in mdx mice, a murine model of Duchenne muscular dystrophy, decreased fibrosis and increased maximum isometric force production (24, 25, 30) . Compared with MSTN ϩ/ϩ mice, a decrease in the type I collagen content of extensor digitorum longus muscles of MSTN Ϫ/Ϫ mice was observed (26) . Myostatin also induced the expression of type I collagen in skeletal muscle myotubes (26) and muscle-derived fibroblasts (31) . The current investigation indicated that myostatin also promotes type I collagen synthesis in tendon fibroblasts both in vivo and in vitro.
Myostatin plays very different roles in the control of the proliferation of tendon cells and muscle cells. This difference is evident in the regulation of the expression of p21. In the present study myostatin decreased the expression of p21 and subsequently increased the proliferation of tendon fibroblasts. A cytokine closely related to myostatin, TGF-␤, decreased the expression of p21 and increased the proliferation of tendon fibroblasts (32) and NIH/3T3 fibroblasts (33) . In contrast to tendon cells, myostatin decreased the proliferation of myoblasts by increasing the expression of the muscle-specific basic helix-loop-helix transcription factor MyoD and subsequently increased the expression of p21, resulting in arrest in the G 1 phase of the cell cycle (21) (22) (23) . Although MyoD appears to be a key transcription factor in the regulation of p21 in myoblasts (34, 35) , the transcription factors that regulate the expression of p21 in tendon cells have yet to be determined.
A rapidly growing body of literature supports the role of scleraxis and tenomodulin in the embryonic development of tendons (5-12, 36), but little is known regarding their function in adult tendons. FGF-4 and FGF-8 directly induced the expression of scleraxis in tendon fibroblasts (11, 12, 37, 38) . Furthermore, TGF-␤ induced the expression of scleraxis in osteosarcoma cells (39) . Overexpression of scleraxis in tendon fibroblasts either directly or indirectly resulted in the up-regulation of tenomodulin (10) . The relative expression of scleraxis and tenomodulin in the tendons of MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice in this study was in good agreement with the data on tendon mass and cell density. Similar to tenomodulindeficient mice, the tendons of MSTN Ϫ/Ϫ mice were hypocellular (36) . The results from the current study indicate that scleraxis and tenomodulin are expressed in adult tendons and that both genes are downstream targets of myostatin, which activates signal transduction cascades similar to TGF-␤ and FGF.
During several stages of embryonic development, myogenic cells and tendon precursor cells interact with each other to ensure proper spatial alignment and proper timing of differentiation events (5, 40) . While myostatin was expressed in myogenic cells and decreased the expression of the myogenic genes MyoD, Myf-5, and Pax3 in these cells, myostatin was also expressed in nonmyogenic cells of the ectoderm (41), but the reason for the expression of myostatin in nonmuscle cells was not known. Scleraxis expression occurred in three phases of tendon development (5, 6) , with the final phase initiated by FGF-4 and FGF-8 (11, 12) produced in adjacent myogenic cells. The signal that initiated the first phase of scleraxis expression in tendon progenitor cells is not known, but this signal does not come from muscle cells, because removal of myogenic cells does not alter scleraxis expression (12) . The ectoderm appeared critical to the induction of the first stage of scleraxis expression, because ablation of the ectoderm abolished the first phase of scleraxis expression (6) . Myostatin was expressed in the ectoderm around the time of the first phase of scleraxis expression (41) , and removal of the ectoderm resulted in a down-regulation of scleraxis. Consequently, myostatin may play a direct role in the development of tendons by regulating the initial expression of scleraxis.
One of the most striking differences between the mechanical properties of MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice was the 14-fold increase in the stiffness of tendons in MSTN Ϫ/Ϫ mice. The stiffness of tendons is a critical factor in determining the damage to muscle fibers during lengthening contractions. Immediately after a twostretch lengthening contraction protocol, the extensor digitorum longus muscles of MSTN Ϫ/Ϫ mice had a 15% greater force deficit than MSTN ϩ/ϩ mice (26) . The force deficit after a contractioninduced injury is directly related to the strain on the muscle fibers during the lengthening contraction (42) . Consequently, the series elastic component of a muscle protects the sarcomeres from damage by limiting the strain of the muscle fibers during the 
contraction (1). The increased stiffness of tendons from MSTN
Ϫ/Ϫ mice is likely an underlying mechanism behind the greater force deficits of muscles from MSTN Ϫ/Ϫ mice after contraction-induced injury. Although the mechanisms responsible for the increased stiffness of tendons from MSTN Ϫ/Ϫ mice are not known, the stiffening of tendons is thought to arise as a result of the increased cross-linking between type I collagen molecules (43) . Future studies that evaluate the biochemical and molecular differences between the tendons of MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice are necessary to determine the mechanisms behind the regulation of tendon mechanical properties by myostatin.
Considerable interest has focused on the potential use of myostatin inhibitors in the treatment of muscle wasting diseases such as Duchenne muscular dystrophy (44) (45) (46) . Although myostatin inhibition has the potential to produce a greater muscle mass and decrease fibrosis, muscles of mdx mice (47-51) and patients with Duchenne muscular dystrophy (52) are highly susceptible to contraction-induced injury. An increase in the stiffness of tendons would increase the susceptibility of dystrophic muscles to contraction-induced injury and exacerbate the symptoms of muscular dystrophy. Whether the stiff, brittle, hypocellular phenotype of tendons of adult MSTN Ϫ/Ϫ mice arises because of prenatal or postnatal mechanisms, or a combination of both, is not clear. However, the spatiotemporal expression of myostatin during development, in conjunction with the current results that tendon fibroblasts continue to express both the myostatin cytokine and receptors into adulthood and that scleraxis is a direct downstream target of myostatin signaling, strongly suggest that myostatin plays a role in both the prenatal and postnatal development and regulation of tendons.
Methods
Animals. All experiments were conducted in accordance with the guidelines of the University of Michigan Committee on the Use and Care of Animals. Mice were housed in specific-pathogen-free conditions and were provided food and water ad libitum. The MSTN Ϫ/Ϫ mice used in this study are of a C57BL/6 background and were a kind gift of Se-Jin Lee (The Johns Hopkins University, Baltimore). The null MSTN allele was generated by replacing a portion of the third exon of the MSTN gene that encodes the C-terminal region of the mature myostatin protein with a neo cassette (53) . The wild-type (MSTN ϩ/ϩ ) littermates of the MSTN Ϫ/Ϫ mice served as controls. The genotype of mice was determined by PCR-based analysis of DNA samples obtained via tail biopsy.
Mechanical Testing of Tendons.
To evaluate the mechanical properties of the tibialis anterior tendon, the entire tendon unit (from the myotendinous junction to the base of the first metatarsal bone) was used. The tibialis anterior tendon was chosen based on its relative uniformity of diameter, minimal aponeurosis, and long gauge length (54) . Six-month-old male mice were anesthetized with i.p. injection of Avertin (400 mg/kg). Braded silk sutures were tied around the distal end of the tibialis anterior muscle just superior to the myotendinous junction and at the very distal end of the tendon just superior to the first metatarsal. The length (Lo) of the tibialis anterior tendon was measured by using digital calipers while the ankle was placed in maximal plantarflexion. The tendon was removed by cutting the muscle just superior to the proximal suture and by removing the first metatarsal bone that was inferior to the distal suture. The tendon was immediately submerged in PBS maintained at 25°C. The tendon was held at Lo, and CSA was calculated from 10 evenly spaced width and depth measurements from high-resolution digital photographs of both top and side views of the tendon. Side views were obtained by using a 90°prism embedded in the side of the bath. These measurements were fitted to an ellipse, and the ellipse area was used as the tendon CSA.
The proximal end of the tendon was attached to a dual-mode servo motor/ force transducer (model 305C; Aurora Scientific), and the distal end was attached to a fixed post. Custom-designed software (LabVIEW 7.1; National Instruments) controlled the servo motor motion and recorded force and strain data at a sampling rate of 20 kHz. The tendon was stretched to a 100% strain relative to Lo at a velocity of 1 Lo ϫ s Ϫ1 . Peak stress was defined as the stress at which further increases in length resulted in a rupture of the tendon or the point at which yield strength had been reached without a frank rupture of the tendon. Peak strain was defined as the strain at which peak stress was reached. The data were fitted by either a fourth-or fifth-order polynomial function with an R 2 Ն 0.9995. Peak tendon stiffness was calculated by differentiating the fitted polynomial and then determining its maximum value between Lo and peak strain. Average tendon stiffness was calculated as the mean value of the differentiated polynomial between Lo and peak strain. The energy absorption to the yield point was calculated by integrating the force-displacement function from Lo through peak strain and normalizing this value by the mass of the tendon.
Histology.
To determine the density of fibroblasts in tendon tissue, tibialis anterior tendons were removed from 6-month-old anesthetized mice, placed in embedding media, and snap-frozen in isopentane cooled with dry ice. Sections were obtained from the proximal, middle, and distal thirds of the tendon and stained with H&E. Fibroblast density for the entire tendon was calculated by taking the mean value of the counts from each of the three regions of the tendon.
Tendon Fibroblast Isolation, Culture, and Treatment with Myostatin. Hindlimb and forelimb tendons were isolated from anesthetized 4-month-old male MSTN ϩ/ϩ mice, carefully trimmed of muscle and fat tissue, finely minced, and placed in DMEM plus 0.05% type II collagenase (Invitrogen) in a shaking water bath for 2 h at 37°C. After dissociation, fibroblasts were pelleted by centrifugation, resuspended in DMEM plus 2% FBS plus 1% antibiotic-antimycotic (AbAm), and expanded in 100-mm culture dishes coated with type I collagen (BD Biosciences). Fibroblasts were passaged twice upon reaching 70% confluence. After the last passage, 2 ϫ 10 4 fibroblasts were plated in 35-mm culture dishes coated with type I collagen and expanded until reaching 80% confluence. Fibroblasts were then starved of serum for 24 h before treatment by replacing serumcontaining media with DMEM plus 1% AbAm plus 1ϫ insulin-transferrinselenium supplement (Invitrogen). Recombinant murine myostatin, produced in NS0 mouse myeloma cells (R & D Systems), was dissolved into the serum-free media at a final concentration of 500 or 1,000 ng/ml. Stock solutions of the p38 MAPK inhibitor SB-203580 (27) and the Smad2/3 inhibitor SB-431542 (28) were prepared by dissolving these solid anhydrous compounds in DMSO at a concentration of 10 mM. These stock solutions were then added to serum-free media containing 1% DMSO at a final concentration of 10 M for SB-203580 and 5 M for SB-431542. Fibroblasts were pretreated with SB-203580 or SB-431542 for 1 h before treatment with myostatin.
Cell Proliferation and Immunocytochemistry. After serum starvation, fibroblasts were incubated in serum-free media containing 20 M of the thymidine analog BrdU (Sigma) for 3 h. Fibroblasts were rinsed twice with serum-free media and treated with myostatin, SB-203580, and SB-431542 as described above. After 24 h of treatment, fibroblasts were rinsed with PBS, fixed in ice-cold methanol, and permeabilized with 0.5% Triton X-100. The BrdU epitope was exposed by digesting DNA with 200 units/ml EcoRI and denaturing DNA with 2 M HCl. BrdU was visualized by using an anti-BrdU antibody (G3G4; S. J. Kaufman, Developmental Studies Hybridoma Bank) and a Cy3-conjugated secondary antibody (Jackson ImmunoResearch). DAPI (Sigma) was used as a nonspecific nuclear stain. Twentyfive random fields were counted per dish. Cell proliferation data presented are the mean Ϯ SE values of three independent experiments.
RT-PCR. RNA was isolated from samples by using an RNeasy Mini Kit (Qiagen). When isolating RNA from whole tendons, the tissue was treated with type II collagenase and proteinase K before vigorous homogenization in guanidine thiocyanate buffer. Because of the smaller size of the tibialis anterior tendons, we were unable to consistently obtain adequate quantities of RNA with an A260/A280 ratio between 1.8 and 2.0. We instead used RNA from Achilles tendons because we were able to obtain RNA with A260/A280 ratios between 1.8 and 2.0 from these tendons. RNA was treated with DNase I and reverse-transcribed by using an Omniscript RT kit (Qiagen) and oligo(dT)15 primers. Primers for PCRs (Table 3) were designed to generate amplicons that span multiple exons. For standard PCR, 250 ng of cDNA underwent 42 rounds of amplification with GoTaq Green (Promega). PCR products were separated by using a 2% agarose gel. For real-time PCR, cDNA was amplified by using a QuantiTect SYBR Green I PCR system (Qiagen) with uracil-N-glycosylase (Invitrogen) in an Opticon 2 real-time thermal cycler (Bio-Rad). Quantitative PCRs (qPCRs) were conducted in quadruplicate for each sample. We used the methods of Livak and Schmittgen (55) to determine optimal loading quantities of cDNA and to validate the use of GAPDH as a housekeeping gene. Gene expression was normalized to GAPDH expression by using the 2 -⌬⌬C(t) method (55) . The presence of single amplicons from qPCRs was verified by melting curve analysis as well as electrophoresis using a 2% agarose gel. qPCR data presented are the combined means Ϯ SE of three independent experiments.
Immunoblot. Tendon fibroblasts were prepared as described above and starved of serum for 24 h. To determine the phosphorylation of p38 MAPK and Smad2/3, cells were treated for 2 h with myostatin and pathway inhibitors. To determine p21 protein content, cells were treated for 24 h with myostatin and pathway inhibitors. After treatment, cells were rinsed with PBS and scraped and homogenized in Laemmli's sample buffer with 1:20 2-mercaptoethanol, 1:20 protease inhibitor mixture (Sigma), and 1:40 phosphatase inhibitor mixture (Sigma) and then placed in boiling water for 5 min. Protein concentration of the samples was determined by using an RC DC Protein Assay (Bio-Rad). Equal amounts of protein were loaded into polyacrylamide gels and subjected to electrophoresis using a 4% stacking, 10% resolving gel for p38 MAPK and Smad2/3 and a 4% stacking, 15% resolving gel for p21 and ␤-tubulin. Proteins were transferred to a 0.45-m nitrocellulose membrane, stained with Ponceau S to verify equal protein transfer, and blocked by using casein (Vector Laboratories). Primary antibodies against p38 MAPK and phospho-p38 MAPK were purchased from Cell Signaling Technology, antibodies against Smad2/3 and phospho-Smad2/3 were purchased from Millipore, and antibodies against p21 and ␤-tubulin were purchased from AbCam. Biotinylated secondary antibodies were purchased from Pierce. Avidin-HRPO conjugates were purchased from Vector Laboratories. Membranes were developed by using SuperSignal West Dura enhanced chemiluminescent reagents (Pierce) and visualized by using a FluorChem SP chemiluminescent documentation system (Alpha Innotech).
Statistical Analysis. Results are presented as means Ϯ SE. KaleidaGraph 4.02 software was used to conduct statistical tests. For gene expression and cell proliferation data from cell culture experiments, differences between groups were tested with a one-way ANOVA with ␣ ϭ 0.05. Fisher's least significant post hoc test was used to identify specific differences when significance was tested. For all other data, differences between MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice were tested with Student's t test with ␣ ϭ 0.05. 
